ABSTRACT Nuclear novobiocin binding proteins (NBPs) from a set of mouse L cells have been extensively purified by affinity chromatography on novobiocin-Sepharose columns. The NBPs, specifically eluted with 100 ,ug of novobiocin per ml, exhibited equivalent DNA topoisomerase activities (measured as ATP-dependent relaxation or catenation of #X174 replicative-form I DNA substrate) when extracted from equal numbers of wild-type (WT-4) mouse L cells growing logarithmically at 34WC or at 38.50C, from ts A1S9 cells similarly cultivated at the low, permissive temperature or from revertant ts+ AR cells in exponential growth at either temperature. The NBPs isolated from similar numbers of ts A1S9 cells grown to midlogarithmic phase and then incubated for 24 hr at 38.5C (the nonpermissive temperature) showed no topoisomerase II activity. Preliminary NaDodSO4/polyaerylamide gel electrophoretic analysis of enzymatically active material revealed that the NBPs of WT4 and ts+ AR cells grown at 34WC comprised three major polypeptides of 76,000, 74,000, and 30,000 daltons and a number of larger molecular mass components present in trace amounts. The NBP of ts A1S9 cells grown at the permissive temperature was similar, except that the 30,000-kilodalton polypeptide was not detected. Such enzymatically active NBPs from WT-4 and ts+ AR cells were unaffected by 100 1tg of novobiocin per ml, whereas the analogous preparation from ts A1S9 cells was totally inhibited. On the basis of these and other considerations, it is postulated that the ts A1S9 locus of mouse L cells encodes a temperature-sensitive polypeptide that is required for normal DNA topoisomerase I activity.
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The ts AlS9 L cell (1) is mutant in a gene required for nuclear DNA replication (2, 3) and for normal progression through the S phase of the cell cycle (4) . Temperature-inactivated ts A1M9 cells synthesize "Okazald fragments" and convert them to progeny single-strand DNA of >5 x 106 daltons (2) . In addition they support full replication of monomeric and multimeric (up to 34 X 107 daltons) polyoma DNA (5, 6) . Therefore, it was concluded that the enzyme proteins of polydeoxyribonucleotide synthesis must be present and functional in temperature-inhibited ts A1S9 cells. Supporting evidence came from studies with isolated nuclei (ref. 7; unpublished data), which revealed that the chromatin-bound DNA is rendered inactive as an in situ template for replication, as a result of heat denaturation of the ts A1S9 gene product. These findings, and others which indicated that expression of the ts AlS9 defect results in modification of chromatin structure (8) and supercoiling of the nuclear DNA (9) , suggested that the ts AlS9 mutation may affect a protein which determines DNA conformation-i.e., a topoisomerase.
Two quite distinct DNA topoisomerase enzyme activities have been described in mammalian cells (10, 11): a DNA topoisomerase I and a DNA topoisomerase II. These can be distinguished by their properties and by the mechanism by which they modify the topology of DNA. The DNA topoisomerase I more closely resembles the nicking-closing, w protein activity already well characterized biochemically and genetically in bacteria (12, 13) . Whereas the topoisomerase I enzyme has long been recognized to function in eukaryotes (14) , evidence for the topoisomerase II eukaryotic analogue for the DNA gyrase of prokaryotes was reported later (15) (16) (17) and, indeed, after the studies described herein were initiated. No evidence for abnormal topoisomerase I activity had been seen in earlier studies of temperature-inactivated ts AlS9 cells (cf. refs. 4 and 6; unpublished data). Therefore, attention was focused on DNA topoisomerase II. The first hint that this enzyme might be affected came with the demonstration that ts AlS9 cells are hypersensitive to novobiocin (9) when compared with wild-type (WT-4) cells and the revertant ts+ AR cells (18) . Novobiocin, long known to block the function of the gyr B subunit of the Escherichia coli DNA gyrase (19) , has recently been reported to inhibit DNA topoisomerase II activity of HeLa (15) and Drosophila melanogaster cells (16 Topoisomerase H Activity of WT-4, ts AlS9, and ts+ AR NBPs. Topoisomerase II activity of NBPs prepared from the three cell types was assayed as described under Materials and Methods. As indicated in Fig. 1A the.NBPs of WT-4 cells grown at 34°C catalyzed the relaxation of 4X174 RF I DNA to the form II in the presence (Fig. 1A, lane b) but not in the absence (Fig.  1A, lane a) of ATP. As seen in Fig. 1A , lanes e and f, the catenation reaction was also dependent upon ATP. NBP prepared from WT-4 cells incubated at 38.5°C for 24 hr similarly displayed topoisomerase II activity in relaxation (Fig. 1A, lane c) and catenation (Fig. 1A, lane g ) assays.
The NBPs obtained from ts AlS9 cells grown at 34°C also exhibited relaxation and catenation activities in the presence of ATP (Fig. 1B) . However, if these cells were incubated at 38.5°C for 24 hr prior to preparation of these proteins, the NBPs showed little or no topoisomerase II activity (Fig. 1B, lanes c and g) . The results of assays of topoisomerase II activity of the ts+ AR cell NBP fraction are shown in Fig. 1C . Like the NBPs of WT-4 cells, those of the revertant cell displayed ATP-dependent relaxation (Fig. 1C, lanes b and c) and catenation (Fig. 1C , lanes f and g) of the substrate 4X174 RF I DNA, regardless of whether the cells from which they were isolated had been incubated at 34°C or 38.5°C.
Two general comments may be made on the data shown in Fig. 1 . The first is that all of the NBPs are devoid of detectable topoisomerase I activity. This is indicated by the fact that there is no accumulation of relaxed RF II DNA in the absence of ATP (Fig. 1, lanes a and f) . The absence of ATP-independent nicking-closing activity is not surprising, in view of the finding that topoisomerase I activity is adsorbed to hydroxylapatite under the conditions used herein (24). We showed earlier that ts AlS9 cells plated at 340C are very sensitive to novobiocin as compared with and ts' AR cells (9) . Therefore, it was of interest to determine the effect of no-(. vobiocin on the topoisomerase II activity of the NBPs extracted from ts AlS9, WT-4, and ts' AR cells grown at 34C. Fig. 2 gives the results of one such experiment. The NBP fraction of WT-4 ( Fig. 2, lanes b and c) and ts' AR cells (Fig. 2 , lanes f and g) were active in the production of catenanes in the absence and presence of 100 ,ug of novobiocin per ml. No topoisomerase II activity was detected in ts AlS9 cell NBPs treated with this same concentration of novobiocin (Fig. 2, lane (Fig. 3 Top) and of ts+ AR cells (Fig. 3 Bottom) comprised three main polypeptides with approximate molecular masses of 76,000, 74,000, and 30,000 daltons, as judged by comparison with the migration of molecular mass standards; these polypeptides accounted for 48%, 26%, and 14%, respectively, of the total radioactivity recovered from the gel. 3. NaDodSO4/polyacrylamide gel electrophoresis of mouse Lcell NBP fractions. Mouse L-cell NBPs from cells growing at 3400 were electrophoresed along with molecular mass markers (whose size in kilodaltons is noted) on 8% polyacrylamide gels in the presence of NaDodS04 and dithiothreitol. The gels were fixed and sliced and the radioactivity due to [3H]leucine used to generally label cellular proteins was determined for each 1-mm Other topoisomerase II enzymes have been isolated by using protocols that do not depend upon novobiocin affinity chromatography. The most extensively studied is that of E. coli, which contains two protein subunits (10). The topoisomerase of bacteriophage T4 is reported to be a complex of three polypeptides (25) . The HeLa cell enzyme is thought to function as a dimer of 172,000-dalton subunits (15) . Little is yet known about the physical properties of topoisomerase II enzymes detected in D. melanogaster (16, 21) , Xenopus laevis (22) , and some cultured mammalian cells (ref. 21 ; unpublished data). However, all are sensitive to novobiocin. Clearly, additional experiments are necessary to clarify the relationship of these several topoisomerase II enzymes with that detected herein, in mouse L cells.
The present studies provide compelling biochemical and genetic evidence for involvement of the mouse L-cell DNA topoisomerase II in an essential function of chromatin replication. It has been suggested that this enzyme participates in initiation of DNA synthesis (10, 26), segregation of daughter molecules (11, 22) , unwinding of parental DNA (15, 27) , and compaction of chromatin for chromosome condensation (16) . We anticipate that further studies with ts A1S9 cells will help to determine whether any or all of these functions are directly or indirectly served by the biochemical action of a eukaryotic tepoisomerase II.
